From the geodetic data, it is found that the fault motion of the Kanto earthfrom a strike on the fault plane. The fault length, width, and the depth to the upper fault margin are determined as 95km, 54km, and 1.5km respectively.
The seismic moment and stress drop of this earthquake are estimated to be
Taking the static fault solution as the basic model, the dynamic process of the fracture is investigated on the basis of the long-period seismograms recorded at Hongo, Tokyo.
The result shows that the rupture starts from a relocated on the fault plane with a propagating velocity of the rupture front of 2.0km/sec. The rise time of the source time function is assumed to be 5.0sec. The maximum amplitude of acceleration for a frequency range of 0.0-3.3Hz at Tokyo is estimated to be about 280gal for the horizontal component and to be 60gal for the vertical component, by applying an empirical formula to the calculated ground displacements.
. Introduction
When we determine fault parameters of an earthquake from the associated geodetic data, a systematic error involved in triangulation data has a serious influence on the results, unlike that with levelling data, since it increases with distance from the reference point in triangulation. Several attempts have been made to remove the systematic error from "apparent displacements" obtained directly from a comparison between the pre-and post-seismic geodetic measurements. For example, HARADA and ISAWA (1969) have proposed a method, in which the apparent displacement vectors are readjusted under a condition that their weighted sum total must vanish. It is clear that such a method is not applicable to the case of data where a notable effect of a faulting is included, since the condition demanded for "true displacements" is not acceptable even for purely theoretical displacements by a fault model (e.g., MATSU 'URA and SATO, 1975) . In another method proposed by MUTO (1932) , the systematic error is evaluated by a rotation of a reference azimuth and the scale factor of the reference length, both of which are determined from a relation existing between the apparent displacements at some stable points and the distances from a reference point. This method has been extended into more rational form called a "method of signal coincidence" by DAMBARA (1976) . To obtain a good result by using these methods, it is necessary that the triangulation net covers at least several stations which remain stable during a period between the old and new surveys. However, such a condition is rarely satisfied in actual cases, because the triangulation data are always limited in number and extent.
An inverse method to estimate optimum fault parameters of an earthquake from the associated geodetic data with random errors has been developed by MATSU'URA (1977) . In the present study, the inverse method is extended so as to be applicable to the case of data including the systematic error caused by movements of reference points in triangulation. By taking both the fault parameters and the displacements of the reference points as solution parameters for the inversion analysis, this method allows us to obtain simultaneously the optimum fault model and the most plausible systematic error in a simple and unbiased manner.
On the basis of the seismological and the geodetic data, a faulting mechanism of the Kanto earthquake of 1923 has been investigated in terms of an elastic dislocation theory. From the amplitude of long-period surface waves, KANA- KANAMORI (1971) has attributed this discrepancy of the seismic moments to the different time-constants associated with the seismic wave radiation and the geodetic deformations. Such an interpretation may be qualitatively possible, but there is no reliable information to confirm quantitatively the difference of the time-constants. We can find a more fundamental cause in a detailed study on the revision triangulation after the Kanto earthquake of 1923 by SATO and ICHI-HARA (1971) , which leads to another possible explanation for the discrepancy between the seismological and the geodetic models. According to these authors, in the triangulation data reported by the MILITARY LAND SURVEY (1930; hereafter referred to as M.L.S.), two kinds of systematic errors are included, one of which is caused by the movements of the reference points, and the other results from the less reliable data at the Tanzawa station located in the center of the triangulation network. The fault parameters deduced by ANDO (1971 ANDO ( , 1974 are mainly based on the vertical displacement data by MIYABE (1931) and the horizontal displacement data by MUTO (1932) , both of which have been obtained by readjusting the levelling and the triangulation data reported by M.L.S. (1930) . It is clear, therefore, that Ando's results are biased in some sense by the influence of these systematic errors contained in the triangulation data.
Our present purpose is to evaluate the influence of the systematic errors on the estimation of fault parameters, and obtain a dislocation source model which explains both the seismological and geodetic data.
Systematic Error in Triangulation Data
In (1977) , where the problem is solved by a successive iteration of linear inversions.
Inversion Analysis of the Geodetic Data on the 1923 Kanto Earthquake
The Kanto earthquake occurred on Sept. 1, 1923, with a magnitude of 7.9 in the southern part of the Kanto district. From a comparison between the preof about 40 years, including the occurrence of the Kanto earthquake, have been disclosed by M.L.S. (1930) .
The height changes of bench marks reported by M.L.S. represent relative movements to the Tokyo standard datum, the physical height of which has changed by -8.6cm at the time of the Kanto earthquake. It was confirmed by DAMBARA and HIROBE (1964) , on the other hand, that the standard datum had been stable during a rather long time prior to this seismic event. Therefore, the true vertical movements, which are simply referred to as "levelling data" hereafter, are directly obtained by subtracting the height change of the standard datum from the M.L.S. levelling data.
Adjustment of the triangulation data has been done in two different ways, i.e., the first by fixing the Teruishi station and its azimuth to the Tsukuba station, and the second by the Kokushi II station and its azimuth to Tsukuba (Fig. 3) . Since all of the information contained in the data is kept even if the adjustment process is carried out, we take the horizontal displacements obtained in the first adjustment as the "M.L.S. triangulation data", without any loss of generality. As pointed out in Sec. 1, the horizontal displacements obtained by SATO and ICHIHARA (1971) give another set of data, which are referred to as "revised triangulation data" hereafter. It should be noted that the revised triangulation data have been obtained by fixing five triangulation stations, Kenashi, Kokushi II, Dodaira, Teruishi and Tsukuba, after a revision of the less reliable data at the Tanzawa station (Fig. 3) .
In the following part of this section, the new inverse method developed in Sec. 2 is applied to two different sets of data, DATA-I and -II, where DATA-I is composed of 194 levelling data and 37 M.L.S. triangulation data, and DATA-II of the same levelling data and 31 revised triangulation data. Locations of all the corresponding bench marks and triangulation stations are shown in Fig. 3 . 3.1 Analysis of the M.L.S. triangulation data A fracture system of the Kanto earthquake is modelled by a single rectangular fault in an elastic half-space, where the P-wave velocity, S-wave velocity and density of the medium are taken to be 6.1km/sec, 3.5km/sec and 2.8gr/cm3 respecparameters for the inversion analysis of DATA-I, we take the horizontal displacements at Teruishi and Tsukuba with the nine independent fault parameters shown in Fig. 2 . As to the displacement vector at Tsukuba, only the component orthogo- are initially set to be zero. The optimum fault parameters determined from DATA-I are listed in Table 1 (MODEL-I) , and the most plausible displacements of the reference points are in Table 2 . The movements of the Teruishi and the Tsukuba stations for a period of about respectively, consequently a large systematic error is expected. The corrected horizontal displacements, which are obtained by subtracting the systematic error from the M.L.S. triangulation data, are shown in Fig. 4 , where the black-and the white-headed arrows indicate the corrected and the apparent displacement vectors respectively. The corrected vector field agrees roughly with that by MUTO (1932) , which is given in Fig. 5 , except for a notable difference in the Boso peninsula, where the displacement vectors in Muto's correction are about 1m larger than those in the present correction. In Fig. 6 , the theoretical displacements (blackheaded arrows) by MODEL-I are compared with the corrected displacements (Table 1) , which is the optimum fault model determined from a data set composed of the levelling data and the M.L.S. triangulation data.
(white-headed arrows), where the dotted rectangle indicates a projection of the fault plane on the earth's surface. As can be seen from 3.2 Analysis of the revised triangulation data (one-fault model) The displacement data set, DATA-II, which is composed of the levelling data and the revised triangulation data, is analyzed for a single rectangular fault model. In this case, the horizontal displacements of the five reference points, Kenashi, Kokushi II, Dodaira, Teruishi and Tsukuba, are taken as the solution parameters with nine independent fault parameters. Initial conditions for the inversion analysis are taken to be the same as those in the case of Sec. 3.1, that is, the fault model has initially the same parameters as in ANDO-I MODEL, and the five reference points have zero displacements. A successive iteration of linear inversions using DATA-II yields the optimum fault model, MODEL-II (Table 1) , with the most plausible displacements of the reference points (Table 3 ). The corrected horizontal displacements are presented in Fig. 7 , with the revised triangulation data. The systematic error caused by the movements of reference points is quite small. Comparing the present result with the preceding one (Fig. 4) , we notice a considerable difference in the corrected vector fields in the Boso peninsula, where the displacements obtained from the revised triangulation data are about 0.5m smaller than those from the M.L.S. triangulation data. This difference seems to arise from the revision of the less reliable data at Tanzawa.
for KANAMORI MODEL. Such a discrepancy between the two fault models can be easily interpreted, if we consider that the underestimation of the dislocation and stress drop in the seismological model results from the overestimation of the fault length and width. It should be recalled, here, that the estimation of the dislocation and stress drop by KANAMORI (1971) has been based on the seismic moment, for an assumed fault dimension. Out of these considerations, we can conclude that the fault mechanism suggested by the geodetic data is not inconsistent with that by the seismological data.
The horizontal and vertical displacements calculated by MODEL-II are shown in Figs. 8 and 9 respectively. In Fig. 8 , the black-and the white-headed arrows represent the calculated and the corrected displacement vectors respectively, and the dotted rectangle indicates a projection of the fault plane on the earth's surface. In Fig. 9 , the squares and triangles indicate respectively the observed and calculated vertical displacements, and the numbers of levelling routes and bench marks correspond to those of Fig. 3 . Both the triangulation and the levelling data are well interpreted by MODEL-II, except for the height changes along the route R-4 (around the base of the Izu peninsula). This indicates that though the one-fault model sufficiently represents the general feature of the fracture system of this earthquake, but it is not sufficiently adequate to interpret the detailed features that are probably due to a regional variation of the faulting mechanism. (Table 1) , which is the optimum one-fault model determined from a data set composed of the levelling data and the revised triangulation data. Fig. 9 . Comparison of the observed and the calculated vertical displacements for MODEL-II (Table 1) . The square and the triangle indicate the observed and the calculated vertical displacements respectively. The numbers of levelling routes and bench marks correspond to those in Fig. 3. 
Analysis of the revised triangulation data (two-fault model)
In order to examine a regional variation of the faulting mechanism of the Kanto earthquake, the same data set, DATA-II, as in the case of Sec. 3.2 is analyzed by using a two-fault model, which consists of two rectangular faults joined together at an upper fault corner. The restriction on the relative position between the two elementary faults reduces the number of independent fault parameters Taking the analyzed results in Sec. 3.2 as our initial conditions, we obtain the final solution of the inversion analysis of DATA-II after six iterations. The displacements of the five reference points are estimated to be almost the same as those in the case of the one-fault model (Table 4) , and the resultant systematic error is quite small. The optimum fault parameters of the two elementary faults, F-1 and F-2, are listed in Table 1 as MODEL-III.
The regional variation of the faulting mechanism is not so remarkable, except for the dislocation magnitude and fault width. The fracture system has a rather large dislocation (7.4m) and rather small fault width (45km) in the western part (F-1), compared with those in the eastern part (F-2). The fault parameters of F-2 are almost the same as those of the optimum one-fault model (MODEL-II). The seismic moment of (Table 1) , which is the optimum two-fault model determined from a data set composed of the levelling data and the revised triangulation data. Fig. 11 . Comparison of the observed and the calculated vertical displacements for MODEL-III (Table 1) . The square and the triangle indicate the observed and the calculated vertical displacements respectively. The numbers of levelling routes and bench marks correspond to those in Fig. 3. stress drop, which is defined by a weighted mean of the stress drops for F-1 and F-2, to be 51 bars. The horizontal and vertical displacements calculated by MODEL-III are presented in Figs. 10 and 11 respectively. In Fig. 10 , the small and large rectangles correspond respectively to projections of the two elementary faults, F-1 and F-2, on the earth's surface. The height changes along the route R-4 are well interpreted by MODEL-III (Fig. 11) . It can be said from the present examination that the optimum one-fault model represents adequately the general feature of the fracture system, and the difference between this model and the more complicated one (MODEL-III) is not so remarkable. For this reason, we take MODEL-II as the basic model for investigating the dynamic process of the Kanto earthquake, in the following section.
Dynamic Process of the Fracture
At the time of the Kanto earthquake, all high-magnification seismographs in the Kanto district went off scale in the vicinity of the P-wave arrivals. According to IMAMURA (1924 IMAMURA ( , 1925 , the initial part of the predominant motions of this earthquake has been recorded by only two types of low-magnification seismographs, i.e.; one is the IMAMURA-type two-times-magnification seismograph whose records are reproduced in Fig. 12 , and the other is OMORI-type onetime-magnification seismograph whose distinctly clear records the authors, unfortunately, were unable to find. IMAMURA (1926) has also reported that the seismograms recorded by these two types of instruments are quite similar to each other except for the slow vibration, which is, as he pointed out, possibly caused by a tilting of the earth's surface at the time of the earthquake. By eliminating the slow vibration, he obtained an "analytic diagram" from these two seismograms, which is reproduced in Fig. 13 . Since it is probably meaningless to interpret all of these seismograms in detail, only the following main features of the two horizontal components recorded at Hongo, Tokyo, are examined to decide whether the optimum one-fault model, MODEL-II, determined from the geodetic data can satisfactorily interpret them. Amplitude of the vertical component is fairly small compared with those of the horizontal components (Fig. 12) , and hence it is excluded from this examination.
The requirements to be satisfied are:
2. S-P time-intervals is 9.8sec. 3. For the EW-component, i) first motion is eastward, 4. For the NS-component, i) first motion is northward, ii) northward amplitude is smaller than 4cm during the first 16sec interval after the P arrival, iii) southward amplitude is smaller than 9cm during the first 14sec interval and greater than 10cm at 16.5sec.
Hypocenter re-location
By an ordinary hypocenter determination program based on the JeffreysBullen P-wave travel-time table (JEFFREYS and BULLEN, 1967) , the following hypoepicenter is denoted by the mark, +, in Figs. 8 and 10. As can be seen from Fig. 10 , the rupture initiation point is located in the western part (F-1) of MODEL-III, where the orientation of the slip vector agrees well with that of KANAMORI Since the P-wave arrival time data, which are taken from IMAMURA (1925), KUNI-TOMI (1930) and TURNER (1927) , are almost the same as those used by KANAMORI and MIYAMURA (1970) , it is of course reasonable that our result should be almost identical with their result.
4.2 Ground displacements and synthesized seismograms for an infinite medium According to SATO (1979) , the rise time of the source function for this scale of earthquake (M=7.9) is reasonably estimated to be 4-6sec, and hence, in the present calculation, the rise time is set to 5sec. With respect to the rupturing mode, we adopt a circularly propagating fracture for the calculation in the case of an infinite medium and an equilateral, quadangularly propagating fracture for that in the case of a semi-infinite medium. The fracture model where a rupture initiates at a point (hypocenter) and propagates outward on the fault plane seems to be more realistic than that proposed by KANAMORI (1974) , in which the rupture is assumed to occur simultaneously along a line and propagate bilaterally in opposite directions.
Ground displacements at Tokyo due to the optimum fault model, MODEL-II, obtained in the preceeding section are calculated, changing the rupture velocity from 2.0km/sec to 3.5km/sec. The P-and S-wave velocities of the medium are taken to be 5.6km/sec and 3.0km/sec respectively, which are the same as those in the third layer of the superficial structure for the Tokyo metropolitan area determined by SHIMA et al. (1976) . For the relocated hypocenter in the medium mentioned above, the P-wave travel-time and S-P time-interval are calculated as 11.0sec and 9.5sec respectively, the requirements 1 and 2 are then satisfied.
Synthesized seismograms are calculated from the ground displacements by using the following seismograph parameters given by IMAMURA (1924 IMAMURA ( , 1925 ; for the horizontal components, the proper pendulm period T=10sec, static magnification V=2.0, and the orientation= and for the vertical component, T=5sec and V=2.0. Both components have oil-dampers and the damping ratio is assumed to be 3.0 for each component. Displacements in an infinite medium due to a circularly propagating rupture model are obtained by the method developed in the papers by SATO ( , 1976 . The calculated ground displacements and synthesized seismograms are shown in Figs. 14 and 15 for the rupture velocity of 2.0km/sec. As a simple correction to the free-surface effect, the displacements in an infinite medium are doubled. Requirements 1 and 2 for the seismograms are satisfied as already stated. With respect to requirement 3, the calculated EW-component seismogram is not satisfactory, because the first motion is westward, the maximum eastward amplitude is 2.1cm at 14.6sec after the P arrival, and the maximum westward amplitude is 2.6cm at 19.5sec. The NS-component seismogram satisfies requirement 4, except that the southward amplitude becomes 10cm at 13.0sec after the P arrival, which is slightly faster than the expected value. The directions of the first motion in the EW-component calculated for all models with various rupture velocities don't agree with that stated in requirement 3. For the rupture velocity greater than 2.0km/sec, the ground displacements are similar to those in the present case, but the resultant seismograms show rather earlier maxima due to earlier arrivals of phases. (Table 1) in the case of the infinite medium (Vp=5.6km/sec, Vs=3.0km/sec). Rupture velocity of circular fracture is set to 2.0km/sec.
The final movement in the focal process may be reflected in the surface deformation observed after the earthquake, while the first motion of the seismogram is mainly controlled by the focal process near the rupture initiation point. The small initial westward motion of the EW-component cannot be successfully interpreted by MODEL-II obtained from the geodetic data, but if we take the nucleation point (hypocenter) on the elementary fault plane F-1 of MODEL-III, then the synthetic seismograms well interpret behaviors of observed first motions in both the EW-and NS-components as shown in Fig. 16 . SATO et al. (1978) have obtained empirical formulas relating the maximum acceleration and velocity containing short-period components to those lacking short-period components. Applying these formulas to the calculated ground displacements for the infinite medium, the maximum values of the acceleration and velocity containing high-frequency (0.0-0.3Hz) components are estimated to be 200gal and 63 kine for the horizontal component, and 56gal and 13 kine for the vertical component. For the rupture velocity greater than 2.0km/sec, the resultant maximum values become larger than those just mentioned.
4.3 Ground displacements and synthesized seismograms for a semi-infinite medium Surface displacements due to a bidirectionally propagating fault model in a semi-infinite medium are calculated by the method developed for the case of a moving source from the Cagniard-deHoop method for a point source, which is explained in the paper by SATO (1972) . The calculated ground displacements and synthesized seismograms are shown in Figs. 17 and 18 respectively. In these calculations, the rupture velocities are taken to be 2.83km/sec for both directions, which corresponds to the spread of the rupture fronts with a velocity of 2.0km/sec. The EW-component seismogram satisfies requirement 3, except for the direction of the first motion. The eastward maximum amplitude is 6.1cm at 14.0sec after the P arrival, and the westward maximum amplitude is 6.2cm at 19.0sec. The NS-component seismogram also satisfies requirement 4, except that the southward amplitude becomes 12cm at 12.5sec after the P arrival. The maximum values of the acceleration and velocity containing high-frequency (0.0-3.3Hz) components are estimated from the ground displacements for the semi-infinite medium, as follows; for the horizontal component, 280gal and 63 kine, and for the vertical component, 57gal and 9 kine.
In the case of a multilayered medium, ground displacements, velocities and accelerations for the superficial structure of the Tokyo metropolitan area (SHIMA et al., 1976) are calculated by using the method developed by SATO (1978) . According to , the maximum acceleration and velocity at Tokyo due to the same faulting model as that used for the calculation in the infinite-medium case are estimated to be 410gal and 95 kine for the horizontal component, and 74gal and 14 kine for the vertical component. The estimated maximum values for the superficial structure are somewhat larger than those for This corresponds to the case where the rupture fronts spread on the fault plane with a velocity of 2.0km/sec. the simple structures such as the infinite medium and the semi-infinite medium. In this section, the optimum one-fault model (MODEL-II) determined from the geodetic data by using the inverse method has been adopted as the basic model to interpret the main features of the long-period seismograms recorded at Hongo, Tokyo. The synthesized seismograms due to an outward propagating rupture model in an infinite or a semi-infinite medium satisfy most of the require-ments discussed at the beginning of the present section. The present result agrees well with the fault solution deduced from the seismological data by KANAMORI (1971) , if we consider the underestimation of the dislocation magnitude (2.1m) and stress drop (18 bars) in his solution to arise from the large estimated fault dimension On the other hand, we find a discrepancy between the fault model obtained by the present analysis and that obtained by ANDO (1971) . From the analysis of the triangulation data reported by M. L.S. (1930) , it is clarified that the overestimation of the dislocation magnitude (6.7m) and fault dimension results from two kinds of systematic errors included in the M.L.S. triangulation data, one of which is caused by the movements of reference points in triangulation, and the other due to the less reliable data at the Tanzawa station located in the center of the triangulation network.
After all, we can conclude that the faulting mechanism suggested by the geodetic data is well accordant with that by the seismological data.
